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Influence of Valence Electron Concentration on Laves Phases: Structures
and Phase Stability of Pseudo‐Binary MgZn2–xPdx
Abstract
A series of pseudo‐binary compounds MgZn2–xPdx (0.15 ≤ x ≤ 1.0) were synthesized and structurally
characterized to understand the role of valence electron concentration (vec) on the prototype Laves phase
MgZn2 with Pd‐substitution. Three distinctive phase regions were observed with respect to Pd content, all
exhibiting fundamental Laves phase structures: 0.1 ≤ x ≤ 0.3 (MgNi2‐type, hP24; MgZn1.80Pd0.20(2)), 0.4
≤ x ≤ 0.6 (MgCu2‐type, cF24; MgZn1.59Pd0.41(2)), and 0.62 ≤ x ≤ 0.8 (MgZn2‐type, hP12:
MgZn1.37Pd0.63(2)). Refinements from single‐crystal X‐ray diffraction indicated nearly statistical
distributions of Pd and Zn atoms among the majority atom sites in these structures. Interestingly, the
MgZn2‐type structure re‐emerges in MgZn2–xPdx at x ≈ 0.7 with the refined composition
MgZn1.37(2)Pd0.63 and a c/a ratio of 1.59 compared to 1.64 for binary MgZn2. Electronic structure
calculations on a model “MgZn1.25Pd0.75” yielded a density of states (DOS) curve showing enhancement of
a pseudogap at the Fermi level as a result of electronic stabilization due to the Pd addition. Moreover,
integrated crystal orbital Hamilton population (ICOHP) values show significant increases of orbital
interactions for (Zn,Pd)–(Zn,Pd) atom pairs within the majority atom substructure, i.e., within the Kagomé
nets as well as between a Kagomé net and an apical site, from binary MgZn2 to the ternary
“MgZn1.25Pd0.75”. Multi‐centered bonding is evident from electron localization function (ELF) plots for
“MgZn1.25Pd0.75”, an outcome which is in accordance with analysis of other Laves phases.
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Abstract 
A series of pseudo-binary compounds MgZn2−xPdx (0.15 ≤ x ≤ 1.0) were synthesized and structurally 
characterized to understand the role of valence electron concentration (vec) on the prototype Laves 
phase MgZn2 with Pd-substitution. Three distinctive phase regions were observed with respect to Pd 
content, all exhibiting fundamental Laves phase structures: 0.1 ≤ x ≤ 0.3 (MgNi2-type, hP24; 
MgZn1.80Pd0.20(2)), 0.4 ≤ x ≤ 0.6 (MgCu2-type, cF24; MgZn1.59Pd0.41(2)), and 0.62 ≤ x ≤ 0.8 (MgZn2-type, 
hP12: MgZn1.37Pd0.63(2)). Refinements from single crystal X-ray diffraction indicated nearly statistical 
distributions of Pd and Zn atoms among the majority atom sites in these structures. Interestingly, the 
MgZn2-type structure re-emerges in MgZn2−xPdx at x ≈ 0.7 with the refined composition 
MgZn1.37(2)Pd0.63 and a c/a ratio of 1.59 compared to 1.64 for binary MgZn2. Electronic structure 
calculations on a model “MgZn1.25Pd0.75” yielded a density of states (DOS) curve showing enhancement 
of a pseudogap at the Fermi level as a result of electronic stabilization due to the Pd addition. Moreover, 
integrated crystal orbital Hamilton population (ICOHP) values show significant increases of orbital 
interactions for (Zn,Pd)–(Zn,Pd) atom pairs within the majority atom substructure, i.e., within the 
Kagomé nets as well as between a Kagomé net and an apical site, from binary MgZn2 to the ternary 
“MgZn1.25Pd0.75”. Multi-centered bonding is evident from electron localization function (ELF) plots for 
“MgZn1.25Pd0.75”, an outcome which is in accordance with analysis of other Laves phases.  
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Introduction 
Laves phases[1] constitute a large family of intermetallic compounds with composition AB2 and 
also show wide range of physical properties such as spontaneous magnetism,[2] magnetocaloric effects[3], 
hydrogen storage capabilities,[4] and superconductivity.[5] Conceptually, the stability of Laves phases has 
been rationalized based upon geometrical and the electronic factors.[6] The geometrical aspect includes 
atomic size ratios and packing densities; the electronic factors include valence electron concentrations 
(vec) and electronegativity differences between constituent elements A and B.  The ideal geometrical 
condition for the stability of Laves phases requires the radius ratio of the constituent elements rA/rB to be 
(3/2)1/2 = 1.225, but experimental findings have shown that these ratios can vary from 1.05 to 1.67[7]. 
Although numerous AB2 compounds crystallize as Laves-type phases, their stabilities cannot be directly 
correlated to either geometric or electronic factors alone; both, in fact, play important roles in stabilizing 
the Laves phases as shown by the work of Pettifor[8] and Stein.[6a, 9]  To gain further insights about the 
structural stability, as well as physical and chemical properties of Laves phases, electronic structure and 
bonding analyses have been studied extensively.[6b, 10] One recent report by Ormeci et.al[11] examined 
chemical bonding features of AB2 Laves phases using the Quantum Theory of Atoms in Molecules 
(QTAIM) and Electron Localization indicator (ELI-D) approaches. They concluded that if the 
electronegativity difference between constituent elements A and B is small, the charge transfer will be 
small; therefore, the structure exhibits multi-centered bonding.  If the electronegativity difference is 
large, charge transfer will be larger, which results in the formation of polyanions (B2δ–). 
Most Laves phases crystallize in one of three different structure types: (i) cubic MgCu2-type 
(C15,[1a, 12]  cF24), hexagonal MgZn2-type (C14,[1a, 12] hP12), and hexagonal MgNi2-type (C36,[1a, 12] 
hP24). Komura et al. found other complex stacking variants of Laves phases in different quasi-binary 
systems, e.g., MgCu2-xNix,[13] MgCu2-xAlx,[14] MgCu2-xZnx,[13a] and MgZn2-xAgx.[14-15] They also found a 
strong correlation between their crystal structures and vec within these series of compounds. Among 
main group Laves phases, like CaAl2-xMgx[16] and CaAl2-xLix,[17] structural correlations have also been 
observed.  For CaAl2-xMgx, the structures follow the sequence, MgCu2 → MgNi2 → MgZn2 as vec 
decreases. This trend was explained using first principles calculations on the basis of fourth moment 
differences in the electronic density of states (DOS).[16] Based on behavior from several pseudo-binary 
systems,[13, 14b] MgZn2-type structures typically occur for higher vec, but in CaAl2-xMgx, the MgZn2-type 
structure is stabilized at lower vec, an outcome that is ascribed to its higher fourth moment compared to 
the MgCu2-type.[16] The CaAl2-xLix system[17] follows a similar structural trend as CaAl2-xMgx. On the 
other hand, in CaAl2-xZnx, the structures change from MgCu2 → MgNi2 → KHg2 with increasing Zn 
content, i.e., decreasing vec. At the Zn-rich side, e.g., CaZn2, the KHg2-type structure is not among the 
typical Laves phases, and its structure stabilization of structure type is attributed to an increasing 
electronegativity difference between minority (A) and majority (B) components at lower vec.[18]   
Our recent work has mainly focused on the VEC effect on structural stability of γ-brass 
related Pd2−xZn11+x phases.[19] We demonstrated that partial replacement of the sp metal Al for Zn in γ-
Pd2−xZn11+x leads to either a ternary γ-brass or a 2 × 2 × 2 superstructure of the γ-brass structure.[19c] 
Moreover, similar results can also be achieved by replacing some Pd atoms with monovalent Au to 
obtain γ-Pd2−xAuxZn11(x  = 0.2-0.8) phases.[19a] On further synthetic explorations to understand the effect 
vec on γ-Pd2−xZn11+x with Mg substitution, we observed formation of Laves phases and other complex 
structures related to Mg51Zn20[20] instead of γ-brass type phases. Herein, we report the results associated 
with Laves phases observed in the pseudo-binary MgZn2-xPdx (0.15 ≤ x ≤ 1.0) system. 
 
Experimental 
Synthesis and Analysis: Several different MgZn2-xPdx (0.15 ≤ x ≤ 1.0) samples were synthesized by 
combining the pure elements of magnesium (99.99%, Material Preparation Center (MPC), Ames 
Laboratory), zinc (99.999%, MPC, Ames Laboratory), and palladium (99.999%, MPC, Ames 
Laboratory) into weld-sealed, cleaned tantalum tubes under an argon atmosphere. These containers were 
further sealed in evacuated silica tubes under reduced pressure (~10-5 torr). Several different reaction 
conditions were attempted to obtain single phase product, with the following procedure selected because 
maximum yields (90-95%) and, in some cases, single phase products were obtained. The reactants were 
heated continuously to 750 oC at a heating rate of 120 oC/hr, and held there for 18 hr.  Thereafter, the 
silica tubes were quenched rapidly to room temperature from 750 oC by dropping tubes into cold water. 
Subsequently, products were annealed at 400 oC for 5 days, at which point the silica tubes were 
quenched into cold water. 
To examine phase purity and verify any homogeneity ranges, all samples were examined by powder 
X-ray diffraction using a Stoe Stadi P diffractometer with CuKα1 radiation (λ = 1.540598 Å, curved Ge 
(111) monochromator) in the transmission geometry with a linear position sensitive detector. The Lebail 
method was used to extract the lattice parameters of the various samples by fitting the whole diffraction 
pattern using the JANA 2000 program package.[21] Starting atomic parameters were taken from the 
corresponding single crystals results.  
Semiquantitative microprobe analyses were performed on several single crystals using a JEOL 
5910LV scanning electron microscope equipped with a Noran-Vantage energy-dispersive spectrometer. 
To achieve more accurate compositions, samples were embedded in epoxy and carefully polished to 
obtain a flat surface. The energy dispersive X-ray (EDS) spectra were acquired using an accelerating 
voltage of 20 keV. Images were also taken in the back-scattered electron mode to check for the presence 
of any additional phases. No heavy elements other than Mg, Zn, and Pd were detected. 
Single crystal diffraction studies were performed on various MgZn2−xPdx (0.15 ≤ x ≤ 1.0) samples to 
obtain the crystal structure and composition.  Diffraction intensities were collected at room temperature 
on a SMART APEX II diffractometer equipped with a CCD area detector using graphite 
monochromated Mo Kα radiation (λ= 0.71073 Å). The crystal-to-detector distance was 6.0 cm for 
MgNi2 and MgZn2-type structures and 4.0 cm for MgCu2-type structures. The diffraction data collection 
strategies were obtained from an algorithm in the program COSMO in the APEX II software package[22] 
composed of ω and ϕ scans. Data were indexed, reﬁned, and integrated with the program SAINT in the 
APEX II package.[22-23] An empirical multi-scan absorption correction was performed using SADABS as 
implemented also in the APEX II package.[22] Structure solutions were obtained via direct methods using 
the SHELXS program,[22, 24] and subsequent structural refinements were performed by full-matrix least 
squares procedures on |F|2 for all data using SHELXL.[22, 24] The final stages of refinements were carried 
out using anisotropic displacement parameters on all atoms.  
Initial structural models for three different prototypic Laves phases were obtained from direct 
methods. Subsequent least-squares refinements quickly converged to residual R1 values that were less 
than 10% for three distinct structures. In all three cases, the thermal parameters of Zn positions were 
relatively low (0.06−0.09 Å2) indicating possible mixing of Pd on these sites. In the following 
refinement cycles, all Zn atoms were treated as mixed Pd/Zn; subsequent refinements resulted in 
residual R1 values less than 5 %. Final stages of structure refinements were carried out with anisotropic 
displacement parameters for all atoms. Single crystal data collection and statistics on structure 
refinements and atomic positions are listed in the Tables 1 and 2, respectively. Further details of the 
structure determinations may be obtained from: Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany by quoting the Registry No’s.CSD- 429460 [MgZn1.80Pd0.20(2)] CSD- 429471  
[MgZn1.37Pd0.63(2)], and CSD- 429472  [MgZn1.59Pd0.41(2)]. 
--------- Tables 1 and 2------- 
Electronic structure calculations using the tight-binding linear muffin-tin orbital (TB-LMTO) method in 
the atomic spheres approximation (ASA) were performed on MgZn2 and models of MgZn2-type 
MgZn1.37(2)Pd0.63 to investigate similarities and differences in bonding features between these two 
compounds. Exchange and correlation were treated in the local density approximation.[25] All relativistic 
effects except spin-orbit coupling were taken into account using a scalar relativistic approximation.[26] In 
the ASA, space is filled with small, overlapping Wigner-Seitz (WS) spheres at each atomic site. The 
symmetry of the potential is considered to be spherical inside each WS sphere, and a combined 
correction takes into account the overlapping part[27]. The radii of the WS spheres were obtained by 
requiring that the overlapping potential be the best possible approximation to the full potential, and were 
determined by an automatic procedure.[27] No empty spheres were needed to satisfy the LMTO overlap 
criterion. The corresponding WS radii for the various atoms include the following values: Mg, 3.348 Å; 
Zn, 2.730-2.841Å; and Pd, 2.73 Å. The basis set included Mg 3s, and 3p orbitals, Zn 4s, and 4p orbitals, 
and Pd 5s, 5p and 4d orbitals. The 3d orbitals of Zn are treated as core. The k-space integrations to 
determine the self-consistent charge densities, as well as DOS and crystal Hamiltonian orbital 
populations (COHP)[28] curves were performed by the tetrahedron method.[29] The self consistent charge 
densities were obtained using 545 irreducible k-points in the irreducible wedge of the Brillouin zone. 
 
Results and Discussion: 
Examination of Laves phase structure in MgZn2-xPdx provides an opportunity to understand the stability 
of Laves phases solely with respect to electronic factors like vec. Because the size difference between 
12-coordinate Pd and Zn is negligibly small (rPd= 1.375 Å and rZn= 1.368 Å[30]) compared to Mg (rMg= 
1.602 Å[30]), substitution of zero-valent Pd for divalent Zn in the prototype MgZn2 nullifies the size 
effect while changing the vec. In addition, based on the Pearson absolute electronegativity scale[31] both 
Zn and Pd (χZn and χPd = 4.45 eV) have similar electronegativities. On the other hand, MgPd2 is not a 
Laves phase, but, instead, adopts the Co2Si-type structure (oP12).[32] In this study, several different 
compositions were synthesized in MgZn2-xPdx for x ranging from 0.1 to 1 (vec values decreasing from 
2.00 to 1.34).  
Phase Identification and Phase Widths: 
Figure 1 shows representative X-ray powder diffraction patterns of various MgZn2-xPdx (0.15 ≤ x 
≤ 0.8) samples. All patterns could be indexed by one of the three primary Laves phase structures. Table 
3 summarizes these results by including the loaded compositions, as well as the refined lattice 
parameters and cell volumes of the identified phases.  The coexistence of binary MgZn2- and pseudo-
ternary MgNi2-type structures are observed upon a slight decrease in vec (1.93). The MgNi2-type 
structure is the dominating phase for vec between 1.93 and 1.80; however, a single phase MgNi2-type 
phase is observed for a vec of 1.90. For an intermediate range of vec (1.70 to 1.60), the structure 
stabilizes in the cubic MgCu2-type. A similar structural trend with respect to decreasing vec, i.e., MgZn2 
→ MgNi2 → MgCu2 has been observed by Komura et al. for pseudo-binary e.g., MgCu2-xNix,[13] MgCu2-
xAlx,[14] MgCu2-xZnx,[13a] and MgZn2-xAgx[14-15] systems. Apart from fundamental Laves phases, they also 
observed complex stacking variants of Laves phase in a phase field between MgZn2 and MgNi2-type 
structures. These or any other types of stacking variants were not observed in the MgZn2-xPdx series. 
Surprisingly, the hexagonal MgZn2-type structure re-emerges in MgZn2-xPdx at lower vec values of 1.55 
accompanied by a significant decrease in the c/a ratio (1.589(2)) as compared to the parent MgZn2 
(1.640(3)) compound. Moreover, the MgZn2-type structure was never observed as a single phase; it 
always coexisted with an as yet unknown phase for 1.53 ≥ vec ≥ 1.33. The stability of the MgZn2-type at 
lower vec could be due to its larger fourth moment over the MgCu2-type, a feature which leads to 
electronic stabilization of the MgZn2-type at lower vec.[16] 
---------- Figures 1 & 2 ----------- 
The volume per formula unit (V/Z) as a function of Pd concentration (x) in MgZn2-xPdx is shown 
in Figure 2.  Based on the phases analyses from powder and single crystal X-ray diffraction as well as 
EDS analysis the observed Laves phases have narrow homogeneity ranges. The upper limit of Pd 
concentration in MgZn2-type structure (x = 1.0) could not be estimated accurately due to the formation 
of fine microstructure from the unknown secondary phase in the matrix of MgZn2-type phase, which 
increases with the increases of Pd concentration. Nevertheless, crystals extracted from the MgZn2-xPdx 
sample with x = 0.8 yielded composition MgZn1.37Pd0.63(2) which is in good agreement with EDS 
analysis. The corresponding SEM micrograph is shown in the Figure 3. The composition of the 
secondary, unknown phase could not be extracted because of extremely fine features that were too small 
for meaningful EDS analysis.  For x = 1, a noticeable increase in cell volume has been observed for 
MgZn2-type structure (see Table 3), however, c/a is similar (1.588(2)) to other compositions. Given the 
minimal size difference between Pd and Zn, any volume changes along the entire MgZn2-xPdx series are 
expected to be small; however, the volumes decrease continuously with increasing Pd concentration. 
Successive decrease in cell volume upon addition of Pd could reflect larger Mg–Pd covalent bonding 
interactions compared to Mg–Zn. Considering the Mg–Pd and Mg–Zn distances in binary and ternary 
compounds, the Mg–Pd distances are, on average, shorter than Mg–Zn distances (see Table S1 in 
supporting information). The c/a ratio is another factor which influences the structural outcome of Laves 
phases; ideally it is 1.633 (C15: MgCu2-type, lattice parameters were calculated in the hexagonal setting 
i.e., ah = 1/2√2ac and ch = ac√3  and for MgNi2-type, ch = c/2 has taken for calculation). Only small 
deviations in c/a ratios from this ideal value have been observed, even for structure type variations in the 
following pseudo-binary systems: MgCu2-xNix,[13] MgCu2-xAlx,[14] MgCu2-xZnx,[13a] and MgZn2-xAgx,[14-15] 
CaAl2-xMgx,[16] and CaAl2-xLix.[17]  In MgZn2-xPdx a small deviation from the ideal value is observed 
when the structure changes from MgZn2 → MgNi2 → MgCu2 upon addition of Pd.  However, when the 
MgZn2-type structure re-emerges at the Pd-rich side, i.e., for low vec, the c/a ratio abruptly decreases 
from 1.633 to 1.59, which is quite significant and unusual for pseudo-binary systems. This could be 
mainly due to increased covalent bonding interactions with the incorporation of Pd, and arises between 
apical atoms and atoms in the Kagomé net of the majority component (see Electronic Structure section 
for more details) 
---------- Figure 3, Table 3 and Table 4----------- 
 
Crystal Structures: 
 Figure 4 shows the crystal structures of three different Laves phases observed in the MgZn2-xPdx 
system that were characterized by single crystal X-ray diffraction along with the prototype MgZn2 for 
comparison, and all observed interatomic distances are listed in Table 4. MgZn1.80Pd0.20(2) lowest Pd 
content; high vec) crystallizes in the MgNi2-type with observed lattice parameters as a = 5.2017(2) and c 
= 17.0638(8) Å and a c/a ratio of 1.640(2). The Pd atoms partially substitute at every Zn atom site: M3 
(4f, 6%), M4 (6h, 11%), and M5 (6g, 12%). The M4 and M5 sites form independent Kagomé nets 
(3·6·3·6-net: vertex configuration or Schläfli symbol) and the M3 atoms occupy apical positions which 
cap both Kagomé nets.  The Mg atoms fully occupy 4e and 4f sites, and, as depicted in Figure 4a, form 
a three-dimensional tetrahedral net that resembles the hexagonal diamond-type arrangement. Mg−Mg 
distances range between 3.179(1) and 3.201(1) Å, which are somewhat shorter than Mg−Mg distances in 
MgZn2 (3.206 Å). The Mg and M3 atoms together form puckered triangular layers (36-nets) which are 
located between the M4 and M5 Kagomé nets. In MgZn1.80Pd0.20(2), the Kagomé net formed by the M4 
sites has M4–M4 bond distances of 2.5958(4) Å, whereas the M5 Kagomé net exhibits distances of 
2.5556(3) and 2.6361(3) Å. 
---------- Figure 4 and Table 5 ----------- 
For MgZn1.59Pd0.41(2), the structure type becomes cubic with a lattice parameter a = 7.34104(9)Å. 
The Mg and Zn/Pd atoms occupy the 8b and 16c sites, respectively.  In addition, the composition 
observed from EDS analysis was Mg35Zn52Pd13 = MgZn1.49Pd0.39, in excellent agreement with the single 
crystal refinement. The observed Mg–Mg distances of 3.1768(4) Å are, again, slightly shorter than those 
in MgZn2 (3.206 Å).  The M–M distances in the Kagomé nets are 2.5939(4) Å, which are comparable to 
those observed for the Kagomé nets formed by M4 atoms in MgNi2-type MgZn1.80Pd0.20(2).  
Interestingly, re-emergence of the MgZn2-type structure was observed at higher Pd content in 
MgZn1.37Pd0.63(2), which shows lattice parameters of a = 5.2329(4) and c = 8.3329(7) Å. The resulting 
c/a ratio for MgZn1.37Pd0.63(2) is 1.592(3), which is significantly shorter compared to the binary MgZn2 
(c/a = 1.64), arising from a slight expansion in the  ab-plane and significant shrinkage in the c-axis. The 
4f sites are occupied by Mg atoms and the 2a and 6h sites are occupied by a mixture of Pd and Zn 
atoms. The site occupancies of Pd refined to 23(1) and 35(1)% on the 2a and 6h sites, respectively. The 
structures of MgZn1.37Pd0.63(2) and MgZn2 are shown in Figures 4c and d for comparison.  In 
MgZn1.37Pd0.63(2), the Kagomé nets formed by M3 atoms show bond distances of 2.5430(4) and 
2.6899(3) Å, which are ~10% shorter than those in MgZn2. Similarly, there is ~10% decrease in Mg–Mg 
distances: 3.118(1) Å in MgZn1.37Pd0.63(2) vs. 3.206 Å in MgZn2. 
Electronic Structure Calculations: 
To study the electronic structure of MgZn1.37(2)Pd0.63,  two hypothetical, ordered models, 
“MgZn1.25Pd0.75” (I) and “MgZn1.5Pd0.5” (II) were constructed in space group P 6 m2, which is a 
subgroup of P63/mmc. Reduction of symmetry provides more degrees of freedom to construct ordered 
models because the Wyckoff 6h position, which forms a Kagomé net in space group P63/mmc, is 
occupied by a mixture of Zn and Pd atoms. This positions splits into 3j and 3k sites in P 6 m2, and results 
in two independent Kagomé nets that can be ordered either with Zn and/or Pd. In model I, the Zn atoms 
are positioned on apical 2a sites and the 3j Kagomé net positions, whereas Pd atoms occupy the other 
Kagomé net (3k) sites. For model II, Pd atoms are placed on the apical 2a position and both Kagomé 
nets are assigned Zn atoms. The model I is considered for further discussions, since the structure 
optimization using Vienna ab-initio simulation package (VASP)[33] resulted in larger c/a ratio for model 
II (1.689) compared to model I (1.524). During the structure optimization the cell volumes for both the 
models were kept constant. In addition, the Pd 4d bands in the DOS curves become much narrower in II 
when Pd atoms are placed on the apical positions (see Figure S1 in supporting information).  
 Figure 5 shows the DOS and crystal orbital Hamilton population (COHP) curves for Model I 
and MgZn2, for comparison. For “MgZn1.25Pd0.75”, the major contribution in the DOS is from Pd 4d 
orbitals, which are broad and occur from −6 eV up to the Fermi level (reference energy of 0 eV) 
followed by Mg 3s and Zn 4s orbitals. The Zn 3d orbitals were not included as valence orbitals in the 
calculations, because these orbitals occur around 8 eV below the Fermi level and offer negligible 
contributions at the vicinity of the Fermi level. As seen from Figure 5, a well pronounced pseudogap is 
located at the Fermi level for MgZn2-type “MgZn1.25Pd0.75”, indicating electronic stability due to the 
enhancement of covalent bonding interactions upon Pd substitution as compared to binary MgZn2. A 
similar enhancement of a pseudogap due to covalent bonding interactions has also been observed for 
Mg1-yScyZn2 phases.[34] In addition, first principles calculations have shown the dominant covalent 
bonding character in binary MgZn2 Laves phase.[10a, 35] The relative strengths of orbital interactions are 
also analyzed in terms of integrated –COHP analysis and the corresponding values are listed in Table 5. 
According to the COHP curves, the M–M (Pd–Pd and Zn–Zn) interactions are optimized within the 
Kagomé nets of hypothetical “MgZn1.25Pd0.75”. Noticeably strong Pd–Pd 4d–4d antibonding states can 
be seen around −1 eV. However, these Pd–Pd interactions become bonding due to mixing of 5s and 5p 
orbitals at the Fermi level.  Similar features were observed in the Pd–Pd COHP curve for the Laves 
phase Ca2Pd3Ge.[36] For other interactions, some of the bonding states remain empty above the Fermi 
level, which are optimized ~2eV above the Fermi level. This clearly shows that optimization of M–M 
interactions in the Kagomé nets is mainly responsible for the stability of the phase. Based on the 
integrated COHP values (–ICOHP), the strongest bonding interactions are observed within the Kagomé 
nets containing Pd atoms (–ICOHP(Pd–Pd) = 1.68 eV/bond) compared to the Zn nets (–ICOHP(Zn–Zn) 
= 1.40 eV/bond). Furthermore, second strongest bonding interactions are observed between the apical 
Zn position and atoms in the Kagomé nets i.e., with Pd (1.35 eV/bond) and Zn (1.17 eV/bond). This 
clearly suggests that replacing Zn by Pd in MgZn2 could significantly increase the covalent bonding 
interactions within the Kagomé nets as well as between the Kagomé nets and the apical atoms. This, 
also, is the likely cause for the decrease in c/a ratio from MgZn2 itself to MgZn2-type “MgZn1.25Pd0.75”. 
–ICOHP values for all other interactions are reasonably comparable to MgZn2 (see Table 5). 
---------- Figures 5 and 6----------- 
 An additional chemical bonding analysis was carried out by evaluating the Electron Localization 
Function (ELF)[37] of MgZn2-type “MgZn1.25Pd0.75” and binary MgZn2. ELF is a useful tool to visualize 
and recognize different bonding features in direct space.  ELF isosurfaces η = 0.47 and η = 0.49 for 
MgZn2 and “MgZn1.25Pd0.75” respectively are shown in Figure 6 along with two hypothetical models for 
different axial ratios. In “MgZn1.25Pd0.75” two bonding attractors are observed: (i) the ELF attractor 
located at Mg atom is directed towards the center of the triangles formed by Pd atoms; and (ii) another 
relatively small attractor positioned in the middle of [Mg2PdZn] tetrahedra. Over all, the MgZn2-type 
“MgZn1.25Pd0.75” structure prefers multi-centered bonding interactions, an observation which is in accord 
with a recent report. [11, 38] In contrast, the bonding attractors in MgZn2 were located near Mg–Zn bonds 
for η = 0.47 but slightly off-centered. At slight lower ELF values (η = 0.46) another small bonding 
attractor was observed only between the short Mg–Mg contact in the (001) plane (see Figure S2 in 
supporting information). These attractors appear to be quite sensitive to the decrease in Mg–Mg distance 
along the (001) plane.  To understand possible sensitivity of short Mg–Mg bond distances along (001) 
with respect to attractors in MgZn2, we evaluated ELF for a hypothetical structure in which the lattice 
parameters and atomic positions are taken from our experimental values for MgZn2-type 
“MgZn1.25Pd0.75”. Note that the c/a ratio for MgZn2-type “MgZn1.25Pd0.75” is 1.59 and the Mg–Mg 
distance is 3.118 Å instead of 3.206 Å which is experimentally observed Mg-Mg distance for binary 
MgZn2. ELF of hypothetical MgZn2 for similar isosurface values (η = 0.47) revealed a large bonding 
attractor in the middle of the short Mg–Mg contact along the (001) plane and a second attractor 
positioned between Mg–Zn contacts, as shown in Figure 6c. Based on this ELF analysis, the structure of 
this hypothetical-MgZn2 with smaller c/a could be favorable; however, experimentally observed c/a 
ratio is far from this value. Further detailed investigations are necessary to understand the influence of 
c/a ratio on the structural stability of the MgZn2-type. On the other hand, ELF analysis of the 
hypothetical model with c/a ratio of 1.64 for “MgZn1.25Pd0.75” reveals a similar topological picture 
compared to the experimentally observed structure with c/a of 1.59.  
Summary:  
This systematic study reports the synthesis and structural characterization of pseudo-binary 
MgZn2-xPdx (0.15 ≤ x ≤ 1.0) to analyze the effect of vec on binary MgZn2. Three fundamental Laves 
phases are observed in the following sequence with increasing Pd content: MgNi2-type 
(MgZn1.80Pd0.20(2)) → MgCu2-type (MgZn1.59Pd0.41(2)) → MgZn2-type (MgZn1.37Pd0.63(2)). In this 
particular series, the formation of different Laves phases are attributed to the changing vec rather than 
variations in size or electronegativity. The crystal structures and compositions of each Laves phase were 
established using single crystal X-ray diffraction on selected samples as well as with EDS analysis. X-
ray powder diffraction analysis revealed the continuous decrease in volume per formula unit (V/Z) with 
successive addition of Pd to binary MgZn2.  
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 Table 1:  Single crystal data, data collection and refinement for MgNi2-type, MgCu2-type and MgZn2-
type structures observed in pseudo-binary MgZn2-xPdx system. 
Empirical formula MgZn1.80Pd0.20(2)  MgZn1.59Pd0.41(2) MgZn1.37Pd0.63(2) 
Formula weight 163.36  171.87 181.00 
Crystal system, 
 space group 
Hexagonal,   
P6(3)/mmc  
Cubic,   
Fd3�m Hexagonal,   P6(3)/mmc  
Unit cell dimensions (Å) a = 5.19170(10)  a = 7.3366(17) a = 5.2329(4) 
 c = 17.0453(5)   c = 8.3329(7) 
Volume (Å3) 397.882(16)  394.90(16) 197.14(3) 
Z, Calculated density 8,  5.454  8,  5.793  4,  6.296  
Absorption coefficient (mm-1) 23.286  22.786  22.219  
Crystal size (mm3) 0.10 × 0.06 × 0.04  0.15 × 0.10 × 0.08  0.10 × 0.05 × 0.04  
θ range  (°) 2.39 − 33.11   12.19 − 48.08  4.50 − 32.12  
Limiting indices −7 <= h <= 6,  
−7 <= k <= 7,  
−26 <= l <=25  
−15 <= h <= 15,  
−14 <= k <= 15,  
−15 <= l <= 15 
−7 <= h <= 6,  
−7 <= k <= 7,  
−12 <=  l<= 12 
Reflections collected / unique 4452/333 
 [R(int) = 0.0385]  
2294/112  
[R(int) = 0.0348] 
2120/161  
[R(int) = 0.0405] 
Completeness to θ= 33.11 99.7 %  θ = 48.08: 94.9 % 100.0 % 
Absorption correction Empirical  Empirical  Empirical  
Refinement method |F|2  |F|2  |F|2  
Data / parameters 333/22  112/5 161/13 
Goodness-of-fit on |F|2 1.015  1.114 1.078 
Final R indices [I>2σ(I)] R1 = 0.0160,  
wR2 = 0.0361  
R1 = 0.0204,  
wR2 = 0.0471 
R1 = 0.0200,  
wR2 = 0.0484 
R indices (all data) R1 = 0.0270,  
wR2 = 0.0401  
R1 = 0.0234,  
wR2 = 0.0490 
R1 = 0.0243,  
wR2 = 0.0507 
Extinction coefficient 0.00176(13)  − 0.0046(5) 
Largest diff. peak and hole e−⋅Å3 0.601 and −0.704  0.486 and −2.796  0.830 and −0.981  
 
Table 2:  Atomic coordinates and equivalent isotropic displacement parameters (Å2) for MgNi2-type, 
MgCu2-type and MgZn2-type structures in pseudo-binary MgZn2-xPdx system. U(eq) is defined as one 
third of the trace of the orthogonalized Uij tensor. 
   
      
Atom Wyck. SOF x y z U(eq)  
MgZn1.80Pd0.20 (2): MgNi2-type    
Mg1 4e 1 0 0 0.0939(1) 0.014(1)  
Mg2 4f 1 1/3 2/3 0.6568(1) 0.013(1)  
M3 4f 0.94(1) 1/3 2/3 0.1246(1) 0.011(1)  
M4 6g 0.89(1) 1/2 0 0 0.011(1)  
M5 6h 0.88(1) 0.1641(1) 0.3282(1) 1/4 0.011(1)  
MgZn1.59Pd0.41(2): MgCu2-type    
Mg1 8b 1 3/8 3/8 3/8 0.013(1)  
M2 16c 0.80(1) 0 0 0 0.010(1)  
MgZn1.37Pd0.63(2): MgZn2-type    
Mg1 4f 1 1/3 2/3 0.0625(1) 0.017(1)  
M2 2a 0.77(1) 0 0 0 0.015(1)  
M3 6h 0.65(1) 0.8287(1) 0.6573(1) 1/4 0.014(1)  
       Site occupany factor (SOF) of Zn is given in the table.  SOF (Pd)  = 1−SOF(Zn) 
 
 
      
 
 
 
 
 
 
 
 
 
Table 3: Loaded composition, refined lattice parameters and cell volume for pseudo-binary MgZn2-xPdx 
system. 
 Lattice parameters (Å)    
 MgNi2 and/or  MgZn2 MgCu2    
Loaded 
composition 
a (Å) c (Å) a (Å) Volume Å3 V/Z Å3 vec 
MgZn2[39] 5.223 8.566 −    202.37 50.59 2.00 
MgZn1.9Pd0.1 5.2114 (3) 17.0862(13)a − 401.87(3) 50.23 1.93 
MgZn1.85Pd0.15 5.2017(2) 17.0638(8) − 399.85(4) 49.98 1.90 
MgZn1.75Pd0.25 5.2025(1) 17.07334(8) − 400.20(2) 50.02 1.83 
MgZn1.7Pd0.3 5.2076(1) 17.03736(7)  
7.3537(2) 
400.14(2) 
397.67(3) 
50.01 
49.70 
1.80 
 
MgZn1.6Pd0.4 − − 7.34340(2) 396.00(3) 49.50 1.73 
MgZn1.55Pd0.45 − − 7.34104(9) 395.62(1) 49.45 1.70 
MgZn1.4Pd0.6 − − 7.3394(2) a 395.35(3) 49.18 1.60 
MgZn1.3Pd0.7 5.2304(2) 8.3148(4)b − 196.99(2) 49.24 1.53 
MgZn1.2Pd0.8 5.2329(4) 8.3129(7) b − 197.14(3) 49.28 1.47 
MgZnPd 5.2398(5) 8.3217(8) b − 197.87(4) 49.46 1.33 
a) lattice parameters for second phase could not be refined. b) The phase with unknown structure is 
present in this sample. 
 
 
 
 
 
 
  
Table 4: Interatomic distances (Å) for three fundamental Laves phase observed in pseudo-binary 
MgZn2-xPdx. 
 
MgZn1.80Pd0.20(2) − MgNi2 type MgPd0.42Zn1.58(2) –MgCu2 type 
Mg1 − M3 3.0423(2) 1× Mg1 − M2 3.0416(6) 12× 
 − M5 3.0425(7) 3×  − Mg1 3.1768(4) 4× 
 − M3 3.0428(2) 2×      
 − M4 3.0496(4) 6× M2 − M2 2.5939(4) 6× 
 − Mg2 3.1829(5) 3×  − Mg1 3.0416(6) 6× 
 − Mg1 3.201(1) 1×     
    MgPd0.63Zn1.37(2)–MgZn2 type 
Mg2 − M5 3.0436(6) 6× Mg1 − M3 2.9837(9) 3× 
 − M3 3.0470(2) 3×  − M3 3.0457(6) 6× 
 − M4 3.0636(9) 3×  − M2 3.0652(2) 3× 
 − Mg2 3.179(1) 1×  − Mg1 3.118(1) 1× 
 − Mg1 3.1829(4) 3×  − Mg1 3.1945(5) 3× 
         
M3 − M4 2.5987(3) 3× M2 − M3 2.5944(2) 6× 
 − M5 2.6244(3) 3×  − Mg1 3.0652(3) 6× 
 − Mg1 3.0423(2) 3×      
 − Mg2 3.0470(2) 3× M3 − M3 2.5430(4) 2× 
     − M2 2.5944(2) 2× 
M4 − M4 2.5958(4) 4×  − M3 2.6899(2) 2× 
 − M3 2.5987(3) 2×  − Mg1 2.9838(9) 2× 
 − Mg1 3.0496(4) 4×  − Mg1 3.0457(6) 4× 
 − Mg2 3.0636(9) 2×     
        
M5 − M5 2.5556(3) 2×     
 − M3 2.6247(3) 2×     
 − M5 2.6361(3) 2×     
 − Mg1 3.0425(8) 2×     
 − Mg2 3.0436(6) 4×     
  
Table 5: −ΙCOHP values for different interatomic distances ( <3.1A) for “MgZn1.25Pd0.75” and binary 
MgZn2. 
“MgZn1.25Pd0.75”, P 6 m2 MgZn2 P63/mmc 
Atom pair (n ×) Distances (Å) 
−ICOHP  
(eV/bond) 
Contribution 
(%) Atom pair (n ×) 
Distances 
(Å) 
−ICOHP  
(eV/bond) 
Contribution 
(%) 
Mg1a Zn3a(3×) 2.9862 0.59 3.83 Mg1 Zn3(3×) 3.0632 0.54 2.94 
 Zn2(3×) 3.0663 0.55 3.57  Zn2(3×) 3.0624 0.62 3.38 
 Pd3b(6×) 3.0473 0.63 8.19  Zn3(6×) 3.0644 0.6 6.55 
 Mg1a(1×) 3.121 0.54 1.17  Mg1(1×) 3.2065 0.47 0.85 
 Mg1b(3×) 3.196 0.47 6.11  Mg(3×) 3.202 0.48 2.62 
Mg1b Pd3b(3×) 2.9862 0.73 4.74 Zn2 Zn3(6×) 2.634 1.16 12.66 
 Zn2(3×) 3.0663 0.54 3.51  Mg1(6×) 3.065 0.6 6.55 
 Zn3a(×6) 3.0473 0.58 7.54 Zn3 Zn3(2×) 2.567 1.35 4.91 
 Mg1b(×1) 3.121 0.52 1.12  Zn2(2×) 2.634 1.16 4.22 
 Mg1a(×3) 3.196 0.47 3.05  Zn3(2×) 2.656 0.91 3.31 
Zn2 Zn3a(3×) 2.5964 1.17 7.61  Mg1(2×) 3.062 0.54 1.96 
 Pd3b(3×) 2.5964 1.35 8.78      
 Mg1a(3×) 3.0663 0.55 1.19      
 Mg1b(3×) 3.0663 0.54 1.17      
Zn3a Zn3a(2×) 2.545 1.4 6.07      
 Zn2(2×) 2.5964 1.17 5.07 
     
 Zn3a(2×) 2.6908 0.89 3.85 
     
 Mg1a(1×) 2.9864 0.51 1.10 
     
 Mg1b(1×) 3.0473 0.6 1.30 
     
Pd3b Pd3b(2×) 2.5438 1.68 7.28      
 Zn2(2×) 2.5964 1.35 5.85 
     
 Pd3b(2×) 2.6908 1.12 4.85 
     
 Mg1b(1×) 2.9864 0.73 1.58 
     
 Mg1a(1×) 3.0473 0.63 1.36 
     
 
  
Figures: 
 
Figure 1: X-ray powder patterns of loaded compositions for pseudo-binary MgZn2-xPdx (0.15 ≤ x ≤ 0.8). 
Asterisks indicate the reflections corresponding to an unknown phase. 
  
 Figure 2:  Volume per formula unit with respect to Pd concentration in pseudo-binary MgZn2-xPdx. 
Shaded area shows the homogeneity range of observed Laves phase, except for MgZn2-type. Filled and 
partially filled circles represent single phase and two phase mixtures, respectively. 
  
 Figure 3:   SEM micrograph of loaded composition MgZn1.2Pd0.8 in the back scattered electron mode. 
Grey area shows of the composition of MgZn2-type structure (Mg1.03Zn1.21Pd0.76). Bright eutectic type 
microstructure belongs to unknown phase.  
  
 Figure 4:  Crystal structure three prototype Laves phase observed in pseudo binary MgZn2-xPdx:  a) 
MgZn1.80Pd0.20(2) (MgNi2-type (hP24)), b) MgZn1.59Pd0.41(2) (MgCu2-type (cF24)), c) MgZn1.37Pd0.63(2) 
(MgZn2-type (hP12)), and d) MgZn2(hP12), for comparison. Only repeating unit is shown for MgNi2-
type structure.  
  
 Figure 5: DOS and COHP curves (COHP) for different interactions for order model of MgZn2-type 
“MgZn1.25Pd0.75” and binary MgZn2. The solid line in the left panel corresponds to the observed   
composition of  MgZn2-type phase.  
  
 Figure 6: Electron localization function (ELF) for the binary MgZn2 (a), MgZn2-type “MgZn1.25Pd0.75” 
(b), hypothetical binary MgZn2(c) and hypothetical “MgZn1.25Pd0.75” (d). In hypothetical models of 
MgZn2 and “MgZn1.25Pd0.75”, the c/a ratios are interchanged. Mg, Zn and Pd atoms are represented by 
blue, green and orange color, respectively. 
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Table S1:   List of Mg-Pd and Mg-Zn distances (< 3.1 Å) in several binary compounds. 
Binary  Distances (Å) 
Mg-Pd 
Binary  Distances (Å) 
Mg-Zn 
MgPd[1] 2.734 MgZn2[2] 2.841-2.972 
MgPd2[3] 2.613-2.857 Mg4Zn7[4] 2.928-2.957 
MgPd3[3] 2.762-2.779 Mg21Zn25[5] 2.950-2.998 
Mg3Pd[6] 2.684-2.852 Mg2Zn11[7] 2.914-3.060 
Mg5Pd2[8] 2.570-2.991 Mg51Zn20[9] 2.602-3.093 
 
Table S2: Structure model of MgZn2-type “MgZn1.25Pd0.75” for LMTO-ASA calculations.  
Mg4Zn5Pd3, S.G: P 6 m2, a = 5.2360 Å, c = 8.32150 Å 
 
 
 
 
 
 
 
 
  
Atom Wyck. x y z 
Mg1a 2h 1/3 2/3 0.68750 
Mg1b 2i 2/3 1/3 0.18750 
Zn2 2g 0 0 3/4 
Zn3a 3j 0.17130 0.82870 0 
Pd3b 3k 0.82870 0.17130 1/2 
  
 
 
Figure S1: Density of States (DOS) and crystal orbital Hamilton population curves (COHP) for 
different interactions for order model (II) of MgZn2-type “MgZn1.5Pd0.5” (II) and binary MgZn2. 
In ordered model (II) the Pd atoms are on apical position. 
 
 
 Figure S2: Electron localization function (ELF) for the binary MgZn2 for η = 0.46.  Bonding 
attractors are found between Mg-Mg atoms along (0 0 1). Mg and Zn atoms are in blue and green 
color, respectively. 
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